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a b s t r a c t 
In this work, the W bulk prepared by powder sintering and W ﬁlm deposited by magnetron sputtering 
were simultaneously exposed to the helium ions with the energy of 60 keV and ﬂuence of 1.0 ×10 22 
m −2 at room temperature. The surface modiﬁcations induced by the helium irradiation were studied 
by scanning electron microscopy. After helium ion irradiation, numerous blisters were observed on the 
surface of both samples, some of which burst in various degrees. The formation of blisters is attributed 
to the high gas pressure in the helium bubbles. In addition, the different structures between W bulk and 
W ﬁlm lead to the differences in density and size of blisters. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
It is well known that tungsten (W) is considered as the most
romising candidate for plasma facing materials (PFM) applica-
ions in fusion reactors in the recent ten years, due to its favor-
ble properties including low hydrogen permeability, low sputter-
ng erosion yield, high thermal conductivity and no chemical reac-
ion with hydrogen [1–5] . In the actual nuclear fusion devices, par-
icularly International Thermonuclear Experimental Reactor (ITER),
 will simultaneously or sequentially be irradiated by various ions
ith high ﬂux such as hydrogen isotopes, helium (He), neutron and
ther trace impurities [6–8] , which must lead to diffusion and re-
ention of deuterium (hydrogen isotopes) and helium in materials
nd retention-induced blistering at the surface of PFMs, and result
n the exfoliation and melting of surface of PFMs to degrading the
tability of fusion reactor [9–11] . However, recent studies indicate
hat the microstructure of tungsten play a signiﬁcant role in hy-
rogen isotope and He irradiation effect [12,13] . Speciﬁcally, He is
ne of the particles in the process of the nuclear fusion reaction,
hose energy ranges from several eV [14,15] to tens of keV [16] at
ow [17] and high [18] temperature. It can cause various changes in
he microstructure of W material, such as, holes or bubbles [19,20] ,
listers [21] and fuzz [22,23] . ∗ Corresponding author. 
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irradiation, Nuclear Materials and Energy (2016), http://dx.doi.org/10.10As we know, nanostructured materials should exhibit a good re-
istance to irradiation because the large density of grain bound-
ries (GBs) and interfaces can be an important sink for radiation-
nduced defects [24–26] . Thus, grain reﬁning of tungsten has been
 hot topic in PFMs in recent years, such as advanced pow-
er metallurgical methods [27,28] utilizing mechanical alloying
MA) and hot isostatic pressing (HIP) for compounds or oxides
oped W [29–32] . As for pure W material, spark plasma sintering
SPS) [33,34] and severe plastic deformation (SPD) [35] are con-
idered as common methods to prepare ultraﬁne grained (UFG,
 500 nm) or nanocrystalline (NC, < 100 nm) tungsten material [36] .
esides aforementioned techniques, magnetron sputtering as a
eans of physical vapor deposition has been used for thin ﬁlms
nd nanoscale grain microstructure [37,38,39] . 
In this paper, the W ﬁlms were deposited on the W sub-
trates by magnetron sputtering, whose thickness is above 10 μm
nd grain size is less than 100 nm. For comparing the morpholo-
ies and microstructures between W bulk and W ﬁlm before He
rradiation, both were analyzed by scanning electron microscope
SEM) and X-rays diffraction (XRD). And then, both of W bulk and
 ﬁlm were simultaneously exposed to the helium ions with the
nergy of 60 keV and ﬂuence of 1.0 ×10 22 m −2 at room temper-
ture. After helium ion irradiation, the blisters with high density
nd large size were found on the surfaces of both samples, some of
hich burst in various degrees. Signiﬁcantly, the blistering behav-
or of W ﬁlm with NC structure induced by He ions has not beennder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. The distribution of He + ions for W with energy of 60 keV calculated by SRIM 
2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Morphologies of (a) W bulk and (b) W ﬁlm before irradiation. 
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between ﬁlm and bulk were investigated in this paper. 
2. Experiments 
2.1. Samples preparation 
A piece of W plate with the purity of 99.95% and the density
of 99% purchased from Advanced Technology & Materials Co., Ltd
(AT&M) was prepared by powder sintering, and then heat treat-
ment at 1273 K for 1 h for stress relief, whose average grain sizes
is about 1 ∼5 μm, and then no obvious preferred orientation. The W
plate was cut into several samples with size of 4 mm ×4 mm and
thickness of 1.5 mm, which can be used as the samples for helium
ion irradiation and the substrates of W ﬁlm. Moreover, one side
of the samples was polished to mirror-like ﬁnish by means of me-
chanical and electrochemical polishing. Before irradiation and de-
position, all samples were ultrasonic cleaned with acetone, alcohol
and deionized water for 15 min, sequentially. 
The W ﬁlm with a thickness of about 10 μm measured by pro-
ﬁlometer were deposited on the above-mentioned W substrate us-
ing a commercial magnetron sputtering device (KYKY MP 650-A).
The vacuum chamber was pumped down to a base pressure of
less than 5 ×10 −4 Pa and deposition was performed in argon at-
mosphere at 1 Pa. Prior to the deposition the W target (the purity
of 99.95%) was bombarded by argon plasma for 10 min in order to
remove the oxides and impurities on the target surface. During de-
position the DC power applied to the W target was kept constant
at 100 W, and no extra substrate bias was applied. For enhancing
adhesion and preventing the delamination of W ﬁlm, the substrate
was heated up to 500 °C during the sputtering and kept constant
for the ﬁrst 2 h, and then the temperature was reduced to 250 °C
to ﬁnish the next 8 h, and the deposition rate of tungsten is about
1 μm/h in these conditions. 
2.2. Helium ions irradiation 
The irradiation experiments were performed at 320 keV multi-
discipline research platform for Highly Charged Ions equipped with
an Electron Cyclotron Resonance (ECR) plasma source in the Insti-
tute of Modern Physics, Chinese Academy of Sciences (IMP, CAS),
in Lanzhou. The W bulk and W ﬁlm were simultaneously irradi-
ated with 60 keV He + ions to ﬂuence of 1.0 ×10 22 /m 2 at room
temperature; the average ﬂux was about the 2.44 ×10 17 /(m −2 s −1 )
and the base pressure of the chamber was better than 5 ×10 −4 Pa. 
The depth distribution of He + ions for W with energy of 60 keV
was shown in Fig. 1 , which was calculated by the SRIM Monte
Carlo code (SRIM-2010) [40] . For the calculation the average dis-
placement energy of W reported in literature [41] was 90 eV. In
the Fig. 1 , the incident maximal depth of He + ions with energy ofPlease cite this article as: J. Yu et al., Comparison of blistering of W 
irradiation, Nuclear Materials and Energy (2016), http://dx.doi.org/10.100 keV is about 250 nm below the surface and the depth of peak
elium concentration is ∼150 nm. 
.3. Sample analysis before irradiation 
The crystallographic texture of the W bulk and W ﬁlm before
rradiation was determined by x-ray diffraction (XRD) (Shimadzu
RD-60 0 0 Type) using a Cu K α source with the wavelength of
.154 nm. Diffraction pattern was acquired from 20 ° to 80 ° to study
he microstructure of the samples and orientation of the crystal
rains. Scanning electron microscope (HITACHI S-4800, at Beijing
enter for Physical and Chemical Analysis) was used to observe the
orphologies of the W bulk and W ﬁlm before and after irradia-
ion, which the secondary electrons produced by a 10 keV electron
eam were detected by the in-lens detector system. 
. Results and discussions 
.1. Morphologies and microstructure before irradiation 
The morphologies of W bulk and W ﬁlm before He + ions irra-
iation are shown in Fig. 2 . After electro polishing of W bulk, the
mooth surface and grain boundaries of W bulk were observed by
EM and the size of grain ranges from several to tens microme-
ers as shown in Fig. 2 (a), where the average grain size is about
 μm according with the product report from the manufacturer. As
een in Fig. 2 (b), the morphology of the W ﬁlm deposited on W
ubstrate shows a similar “nano-ridge” structure, which is the typi-
al morphology of refractory metal ﬁlms deposited at the relatively
ow temperatures [42,43] . 
The x-ray diffractograms of the W bulk and W ﬁlm are shown
n Fig. 3 , both of which have the body centered cubic structure
BCC) and α-W phase without any β-W and oxides. The patterns
how three diffraction peaks located at 40.0 °, 58.0 ° and 73 °, which
orresponds to the (1 1 0), (2 0 0) and (2 1 1) crystal orientation, re-
pectively. The sharp peaks indicate a high crystallinity of the W
ulk and W ﬁlm. Compared with the standard card (PDF#04-0806:
ungsten), the W bulk has no obvious preferred orientation shown
n Fig. 3 (b), but the W ﬁlm show strong (2 1 1) preferred orienta-
ion shown in Fig. 3 (a). In addition, the average grain size of W
lm is about 48 nm calculated by Debye–Scherrer formula accord-
ng to full width at half maximum (FWHM) from the XRD pattern.
t shows clearly that the W ﬁlm deposited by magnetron sputter-
ng is characterized by preferred orientation and the NC structure. 
.2. Blistering of W bulk and W ﬁlm after irradiation 
The blisters on the bulk surface observed by SEM from the ver-
ical direction to the surface are shown in Fig. 4 . Numerous blisters
ith size ranging from several micrometers to about 20 μm were
ormed on the entire surface after He + ions irradiation. These blis-
ers possess two distinct features. One has bright border with dark
omain under SEM and their size is about tens micrometers seen
n Fig. 4 (a). The uniform contrast inside the border indicates thatbulk and ﬁlm deposited by magnetron sputtering under helium 
16/j.nme.2016.10.001 
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Fig. 3. XRD patterns of (a) W ﬁlm and (b) W bulk before irradiation. 
Fig. 4. Images of the different blisters on the surface of W bulk, such as, (a) big 
blisters with size from several to tens micrometers, (b) small blisters with size of 
no more than 2 μm and (c) blisters under the ruptured blisters. 
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Fig. 5. Blistering of the surface of W ﬁlm: (a) blisters with size of several microm- 
eters, (b) ruptured blisters and (c) surface morphology under the ruptured blister. 
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l  he lid covers are quite smooth. While the other one shows uni-
orm contrast over the whole blister area, as seen Fig. 4 (b), whose
ize is no more than 2 μm. Moreover, some of these smaller blis-
ers are located underneath the cap of the larger ruptured blisters
s indicated in Fig. 4 (c), where several smaller blisters exfoliated
rom the deeper substrate and remained in the fragment of the
ap one. 
The blisters on the ﬁlm surface observed by SEM from the
ertical direction to the surface are shown in Fig. 5 . It is worth
entioning that the previous morphology characterized by nano-
idge structure had disappeared because of bombardment of He
ons. Instead, numerous blisters with size of several micrometers
ere formed on the whole surface area exposed to helium ions.
he blisters on the W ﬁlms with two kinds of shapes containing
he small globules and the big balls are observed in the Fig. 5 (a).
esides the big blisters with size of more than 2 μm, there are
any small blisters with size of less than 1 μm locating on the
urface. In addition, the ruptured blisters were found on the sur-
aces of the W ﬁlms as seen in Fig. 5 (b), which implies that during
elium ions irradiation some big blisters could burst or exfoliate
hen the internal pressure exceeded a critical limit. On account
f some caps of blisters removing after its bursting or exfoliating,
he sub-surfaces under the ruptured blisters are clearly visible
s shown in Fig. 5 (c). In contrast to the smooth surface of the
lister caps, the morphology of the sub-surface is characterized
y the nano-ridge structure, which retains the morphology of thePlease cite this article as: J. Yu et al., Comparison of blistering of W 
irradiation, Nuclear Materials and Energy (2016), http://dx.doi.org/10.10lms before helium ions irradiation. It implies that, after blisters
urst or exfoliate, the irradiation dose for surface underneath the
ap of blister is too low to change its morphology. Compared Fig.
 (c) with Fig. 5 (c), it is clear that there is a difference in surface
orphology under the ruptured blisters between both the samples.
It is worth noting that, the density and the average size of the
listers on the W bulk seen in Fig. 4 (a) is larger than on the W ﬁlm
een in Fig. 5 (a). Obviously, the differences in blistering between
 bulk and W ﬁlm indicate that W ﬁlm with NC structure can re-
train the density and size of blisters at the same He irradiation
ondition. In addition, the morphology under the blister caps after
lister rupture on bulk shows many smaller blisters and ruptured
listers seen in Fig. 4 (c). Conversely, that on ﬁlm shows the nano-
idge structure seen in Fig. 5 (c), which likes the morphology on
he as-deposited ﬁlm before He irradiation seen in Fig. 2 (b). This
ifference in morphologies of surface under ruptured blisters im-
lies that, after blisters burst or exfoliate, the irradiation dose for
urface underneath blister cap on W bulk is enough to form blister,
ut that on W ﬁlm is too low to change its morphology. It can be
peculated that the bursting or exfoliating of blisters on W bulk is
arlier than that on W ﬁlm. 
The behavior of helium in metals is characterized by its fast
hermal migration through the lattice and very strong attractive
nteraction with defects such as vacancies, vacancy clusters, impu-
ity atoms and even themselves. If the energy of the incident he-
ium ions is higher than this threshold value for the displacementbulk and ﬁlm deposited by magnetron sputtering under helium 
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 damage (about 0.5 keV [44] ), interstitials and vacancies inducted
by incident helium ions are formed in the narrow projected range
beneath the surface, where the radiation induced defects and he-
lium atoms are accumulated by cluster formation. Furthermore, the
behavior of the vacancies and the helium-vacancy complexes de-
pends on the specimen temperature; for instance, at low temper-
atures where thermal migration of the vacancies and the vacancy-
helium complexes are scarcely expected, very dense ﬁne helium
bubbles (about 1 nm in diameter) are formed by absorbing more
and more helium in the helium-vacancy complexes around the
projected range of incident helium ions [45–48] . And then the bub-
bles can grow into the bigger ones under the high pressure (gas-
driven growth) [49–51] , 
In addition, on the one hand, the blistering on the surface
occurs simply by implanted helium ions in matrix accumulated
around the projected range. On the other hand, excepting the ion-
induced defects generated from cascade collision caused by inci-
dent helium ions with high energy, the more intrinsic defects in
the ﬁlms with nanostructure prepared by magnetron sputtering,
including point defect, dislocations, vacancies, voids, grain bound-
aries and so on, could be sinks for implanted helium ions and dis-
placed atoms in the projected range [52,53] . Furthermore, the be-
havior of NC materials under irradiation at room temperature is
very much dominated by the large density of GBs, which act as the
annihilation centers of point defects (for instance, Frenkel pairs)
[25,26] and pinning centers for light species (such as, H or its iso-
topes and He) [54,55] . So these facts may drive the delay for the
formation of over pressurized bubbles and appearance of blistering
and exfoliation [56] . In this experiment, considering the structural
difference between bulk and ﬁlm, it is speculated that the blister-
ing and its rupturing or exfoliating on the surface of W bulk should
be earlier than W ﬁlm. At room temperature thermal migration of
the vacancies and the bubbles are scarcely occur, but He is known
to migrate freely in W even below room temperature [57,58] , In
addition to being interstitial and vacancy sinks, GBs in W can trap
helium during irradiation [59] and can thus reduce the rate of he-
lium accumulation within the grains themselves [60] . Sefta et al.
[61] used molecular dynamics to demonstrate the role of GBs as
helium trapping sites. In that work, the introduction of a single GB
was shown to result in the trapping of signiﬁcantly more helium
than a single crystal of tungsten. It is for these reasons that once
helium is captured by GBs it is able to cluster more eﬃciently [62] .
It can be speculated that due to numerous GBs in NC material the
critical ﬂuence of blistering should increase, so the density of blis-
ters is lower than W bulk. Moreover, in this work, the compressive
stresses exist in the W ﬁlm deposited by magnetron, which should
be adverse to the formation of blister induced by He irradiation.
Thus, the size of blister on W ﬁlm is smaller than W bulk. 
4. Conclusions 
In this paper, the W ﬁlms with the thickness of 10 μm and
grain size below 100 nm by magnetron sputtering and W bulk
prepared by powder sintering and warm rolling were simultane-
ously exposed to He + ions with the energy of 60 keV and ﬂuence
of 1.0 ×10 22 m −2 at room temperature. After irradiation, the blis-
ters were observed on both samples, some of which burst in var-
ious degrees. The different behavior of blistering on both samples
shows clearly by SEM. For instance, the density and the average
size of the blisters on the W bulk are larger than on the W ﬁlm. In
addition, the difference in morphologies of sub-surface under rup-
tured blisters implies that the different behavior of blistering on
both samples. It is speculated that GBs in nanostructured material
play a dominant role in the blistering after He irradiation. Please cite this article as: J. Yu et al., Comparison of blistering of W 
irradiation, Nuclear Materials and Energy (2016), http://dx.doi.org/10.10cknowledgments 
This research is supported by National Magnetic Conﬁne-
ent Fusion Programs with Grant No. 2015GB109003 and
013GB109003 , and Natural Science Foundations of China with
rant No. 51171006 and 51471015 . 
eference 
[1] M. Rieth , S.L. Dudarev , S.M. Gonzalez de Vicente , J. Aktaa , T. Ahlgren , S. An-
tusch , D.E.J. Armstrong , M. Balden , N. Baluc , M.F. Barthe , W.W. Basuki , M. Bat-
tabyal , C.S. Becquart , D. Blagoeva , H. Boldyryeva , J. Brinkmann , M. Celino ,
L. Ciupinski , J.B. Correia , A. De Backer , C. Domain , E. Gaganidze , C. Gar-
cía-Rosales , J. Gibson , M.R. Gilbert , S. Giusepponi , B. Gludovatz , H. Gre-
uner , K. Heinola , T. Höschen , A. Hoffmann , N. Holstein , F. Koch , W. Krauss ,
H. Li , S. Lindig , J. Linke , C. Linsmeier , P. López-Ruiz , H. Maier , J. Matejicek ,
T.P. Mishra , M. Muhammed , A. Muñoz , M. Muzyk , K. Nordlund , D. Nguyen–
Manh , J. Opschoor , N. Ordás , T. Palacios , G. Pintsuk , R. Pippan , J. Reiser ,
J. Riesch , S.G. Roberts , L. Romaner , M. Rosi ´nski , M. Sanchez , W. Schulmeyer ,
H. Traxler , A. Ureña , J.G. van der Laan , L. Veleva , S. Wahlberg , M. Walter , T. We-
ber , T. Weitkamp , S. Wurster , M.A. Yar , J.H. You , A. Zivelonghi , J. Nucl. Mater.
432 (2013) 482–500 . 
[2] V. Philipps , J. Nucl. Mater 415 (2011) S2–S9 . 
[3] R. Neu , R. Dux , A. Kallenbach , T. Pütterich , M. Balden , J.C. Fuchs , A. Herrmann ,
C.F. Maggi , M. O’Mullane , R. Pugno , Nucl. Fusion 45 (2005) 209–218 . 
[4] B.M. Oliver , R.A. Causey , S.A. Maloy , J. Nucl. Mater. 329 (2004) 977 . 
[5] X. Ou , W. Anwand , R. Kögler , H. Zhou , A. Richter , J. Appl. Phys. 115 (2014)
123521 . 
[6] V.Kh. Alimov , W.M. Shu , J. Roth , S. Lindig , M. Balden , K. Isobe , T. Yamanishi , J.
Nucl. Mater. 417 (2011) 572–575 . 
[7] W.M. Shu , Appl. Phys. Lett. 92 (2008) 211904 . 
[8] W.M. Shu , E. Wakai , T. Yamanishi , Nucl. Fusion 47 (2007) 201 . 
[9] M.R. Gilbert , S.L. Dudarev , S. Zheng , L.W. Packer , J.Ch. Sublet , Nucl. Fusion 52
(2012) 083019 . 
[10] P.E. Lhuillier , T Belhabib , P Desgardin , B Courtois , T Sauvage , M.F Bathe ,
A.L Thomann , P Brault , Y. Tessier , J. Nucl. Mater. 433 (2013) 305–313 . 
[11] P.E. Lhuillier , T. Belhabib , P. Desgardin , B. Courtois , T. Sauvage , M.-F. Barthe ,
A.-L. Thomann , P. Brault , Y. Tessier , J. Nucl. Mater. 416 (2011) 13–17 . 
[12] O.V. Ogorodnikova , T. Schwarz-Selinger , K. Sugiyama , T. Dürbeck , W Jacob ,
Phys. Scr. T138 (2009) 014053 . 
[13] A. Manhard , K. Schmid , M. Balden , W. Jacob , J. Nucl. Mater 415 (2011)
S632–S635 . 
[14] S. Kajita , S. Takamura , N. Ohno , D. Nishijima , H. Iwakiri , N. Yoshida , Nucl. Fu-
sion 47 (2007) 1358–1366 . 
[15] Y. Minyou , Plasma Sci. Technol. 7 (2005) 2828–2834 . 
[16] B.B. Cipiti , G.L. Kulcinski , J. Nucl. Mater. 347 (2005) 298–306 . 
[17] N. Yoshida , H. Iwakiri , K. Tokunaga , T. Baba , J. Nucl. Mater. 337–339 (2005)
946–950 . 
[18] D. Nishijima , M. Ye , N. Ohno , S. Takamura , J. Nucl. Mater. 329–333 (2004)
1029–1033 . 
[19] D Nishijima , M.Y. Ye , N Ohno , S Takamura , J. Nucl. Mater. 329-333 (2004)
1029–1033 . 
[20] M Yamagiwa , S Kajita , N Ohno , M Takagi , N Yoshida , R Yoshihara , W Sakaguchi ,
H Kurishita , J. Nucl. Mater. 417 (1) (2011) 499–503 . 
[21] S.B. Gilliam , S.M. Gidcumb , N.R. Parikh , D.G. Forsythe , B.K. Patnaik , J.D. Hunn ,
L.L. Snead , G.P. Lamaze , J. Nucl. Mater. 347 (2005) 289–297 . 
[22] M.J. Baldwin , R.P. Doerner , Nucl. Fusion. 48 (3) (2008) 035001 . 
[23] S Kajita , W Sakaguchi , N Ohno , N Yoshida , T Saeki , Nucl. Fusion 49 (2009)
095005 . 
[24] N. Nita , R. Schaeublin , M. Victoria , J. Nucl. Mater. 329-333 (2004) 953–957 . 
[25] G. Ackland , Science 327 (2010) 1587–1588 . 
[26] X.M. Bai , A.F. Voter , R.G. Hoagland , M. Nastasi , B.P. Uberuaga , Science 327
(2010) 1631–1634 . 
[27] Y. Ishijima , H. Kurishita , H. Arakawa , M. Hasegawa , Y. Hiraoka , T. Takida ,
K. Takebe , Mater. Trans. 46 (2005) 568 . 
[28] H. Kurishita , S. Kobayashi , K. Nakai , H. Arakawa , S. Matsuo , T. Takida , K. Takebe ,
M. Kawai , Phys. Scr. T 128 (2007) 76 . 
[29] H. Kurishita , Y. Amano , S. Kobayashi , K. Nakai , H. Arakawa , Y. Hiraoka , T. Takida ,
K. Takebe , H. Matsui , J. Nucl. Mater. 367-370 (2007) 1453–1457 . 
[30] H. Kurishita , S. Kobayashi , K. Nakai , T. Ogawa , A. Hasegawa , K. Abe , H. Arakawa ,
A. Matsuo , T. Takida , K. Takebe , M. Kawai , N. Yoshida , J. Nucl. Mater. 377 (2008)
34–40 . 
[31] F.C. Sze , R.P. Doerner , S. Luckhardt , J. Nucl. Mater. 264 (1) (1999) 89–98 . 
[32] X. Xi , Z. Nie , W. Wang , J. Yang , S. Hao , Y. Guo , T. Zuo , Appl. Surf. Sci. 251 (1)
(2005) 134–138 . 
[33] Q. Wei , H.T. Zhang , B.E. Schuster , K.T. Ramesh , R.Z. Valiev , L.J. Kecskes ,
R.J. Dowding , L. Magness , K. Cho , Acta Mater 54 (2006) 4079–4089 . 
[34] O. El-Atwani , D.V. Quach , M. Efe , P.R. Cantwell , B. Heim , B. Schultz , E.A. Stach ,
J.R. Groza , J.P. Allain , Mater. Sci. Eng. A 528 (2011) 5670–5677 . 
[35] L.J. Kecskes , K.C. Cho , R.J. Dowding , B.E. Schuster , R.Z. Valiev , Q. Wei , Mater.
Sci. Eng. A467 (1-2) (2007) 33–43 . 
[36] H. Gleiter , Acta. Mater. 48 (20 0 0) 1–29 . 
[37] Y.I. Alivov , X. Bo , S. Akarca-Biyikli , Q. Fan , J. Xie , N. Biyikli , K. Zhu , D. Johnstone ,
H. Morkoç, J. Electron. Mater. 35 (2006) 520–524 . bulk and ﬁlm deposited by magnetron sputtering under helium 
16/j.nme.2016.10.001 
J. Yu et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 5 
ARTICLE IN PRESS 
JID: NME [m5G; October 28, 2016;14:0 ] 
[  
[
[  
 
 
[
[
[  
[  
[  
[  
[  
[
[
[
[
[  
[  
 
[
[  
[  
[  38] A. Chen , K. Zhu , H. Zhong , Q. Shao , G. Ge , Sol. Energ. Mat. Sol. C. 120 (A) (2014)
157–162 . 
39] J. Shi , K. Zhu , L. Zhang , Appl. Phys. Lett. 72 (1998) 3341–3343 . 
40] J.F. Ziegler , M.D. Ziegler , J.P. Biersack , Nucl. Instrum. Methods Phys. Res. B 268
(11-12) (2010) 1818–1823 . 
[41] ASTM E521, Standard Practice for Neutron Radiation Damage Simulation
by Charged-Particle Irradiation, Annual Book of ASTM Standards, Vol. 12.02
(American Society of Testing and Materials, Philadelphia, PA). 
42] K.L Westra , D.J. Thomson , Thin Solid Films 257 (1995) 15–21 . 
43] F.T.N. Vüllers , R. Spolenak , Thin Solid Films 577 (2015) 26–34 . 
44] K.O.E. Henriksson , K. Nordlund , A. Krasheninnikov , J. Keinonen , Fusion Sci.
Technol. 50 (2006) 43–57 . 
45] N. Yoshida , H. Iwakiri , K. Tokunaga , T. Baba , J. Nucl. Mater. 337-339 (2005)
946–950 . 
46] K. Niwase , T. Ezawa , T. Tanabe , M. Kiritani , F.E. Fujita , J. Nucl. Mater. 203 (1)
(1993) 56–66 . 
[47] G.R. Odette , P.J. Maziasz , J.A. Spitznagel , J. Nucl. Mater. 104 (1981) 1289–1303 . 
48] Y. Watanabe , H. Iwakiri , N. Yoshida , K. Morishita , A. Kohyama , Nucl. Instrum.
Methods Phys. Res., Sect. B 255 (1) (2007) 32–36 . 
49] H. Iwakiri , K. Yasunaga , K. Morishita , N. Yoshida , J. Nucl. Mater. 283-287 (20 0 0)
1134–1138 . Please cite this article as: J. Yu et al., Comparison of blistering of W 
irradiation, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1050] R.D.S. Yadava , J. Nucl. Mater. 98 (1-2) (1981) 47–62 . 
[51] W. Wolfer , J. Nucl. Mater. 93 (1980) 713–720 . 
52] W. Kesternich , Radiat. Eff. Defects Solids 78 (1-4) (1983) 261–273 . 
53] P.L. Lane , P.J. Goodhew , Philos. Mag. A 48 (6) (1983) 965–986 . 
54] M. Aucouturier , J. Phys. Colloq 43 (1982) C6 . 
55] Y. Ueda , H. Kashiwagi , M. Fukumoto , Y. Ohtsuka , N. Yoshida , Fusion Sci. Tech-
nol. 56 (2009) 85 . 
56] R. Gonzalez-Arrabal , M. Panizo-Laiz , N. Gordillo , E. Tejado , F. Munnik , A. Rivera ,
J.M. Perlado , J. Nucl. Mater. 453 (2014) 287–295 . 
[57] X. Shu , P. Tao , X. Li , Y. Yu , Nucl. Instrum. Meth. Phys. Res. B 303 (2013) 84–86 .
58] A. Wagner , D.N. Seidman , Phys. Rev. Lett. 42 (1979) 515–518 . 
59] K. Hattar , M.J. Demkowicz , A. Misra , I.M. Robertson , R.G. Hoagland , Scripta
Mater. 58 (7) (2008) 541–544 . 
60] O. El-Atwani , J.A. Hinks , G. Greaves , S. Gonderman , T. Qiu , M. Efe , J.P. Allain ,
Sci. Rep. 4 (2014) 4716 . 
[61] S. Sefta , K.D. Hammond , N. Juslin , B.D. Wirth , Nucl. Fusion 53 (2013) 073015 . 
62] B.N. Singh , T. Leffers , W.V. Green , M. Victoria , J. Nucl. Mater. 125 (1984)
287–297 B. 847 . bulk and ﬁlm deposited by magnetron sputtering under helium 
16/j.nme.2016.10.001 
